Abstract. The pentadecane single droplet size of less than 20 µm and its refractive index were measured at various ambient temperatures of 100, 120, 150 and 180 °C. The experimental setup was equipped with the high speed linear CCD camera to give sharp and clearly visible MDRs (Morphology Dependent Resonances) structure from the droplet refractive index. The valve of the heated chamber was closed during the experiment until the droplet disappeared from the chamber to increase the measurement time of about 2 folds in order to obtain more experimental data of the droplet behaviors. The cooling device was mounted on the heated chamber to improve boundary condition and smooth the ambient temperature. The obtained droplet sizes were in good agreement with both the D 2 law and the Rapid Mixing Model (RMM), while the measured droplet refractive index values were closed to those calculated from the previous reported formula. This has indicated the reliability and applicability of this improved measurement technique for a better understanding of the real fuel droplet behaviors in a combustion system.
Introduction
Fuel in the combustion chamber contains millions of droplets. The fuel droplet behaviors including size and refractive index are important parameters for the evaluation of the characteristics and behaviors of fuel droplets in a combustion chamber. Various droplet behaviors have been investigated such as evaporation by Wilms [1] , size by Glover et al. [2] , temperature by Castanet et al. [3, 4] and refractive index and rainbow angle (for refractive index determination) by Roth et al. [5, 6] and Anders et al. [7] . In addition, droplet temperatures and droplet fractions of the components inside the droplet as in the case of multi-component droplets can be determined from the measured refractive index value. Numerous techniques have been adapted to examine the single droplet characteristics and behaviors including MSI (Mie Scattering Imaging) by Wilms [1] , Laser Imaging for Droplet Sizing (ILIDS) by Glover et al. [2] , Kobayashi et al. [8] and Kawaguchi et al. [9] , Phase Doppler Anemometry (PDA) by Fieberg et al. [10] , Sangkaew [11] and Fandrey et al. [12] . Not only the experimental method can be used to investigate the droplet behaviors, but also the numerical calculations [13] or both the experimental and numerical calculations as well [8] .
Glover et al. [2] have performed on the large droplet size in several millimeters to several hundred millimeters using the angular intensity oscillations in the wide-angle forward-scatter region method, which are not suitable for the interpretation of the real fuel droplet condition in the combustion chamber in which the droplet size is in the micron scale (10-240 µm) [14] . This gave the insufficient information for an accurate evaluation of the fuel droplet size in the real system. Groups of fuel droplets in the form of spray which cannot be used to determine accurately the individual fuel droplet characteristics have also reported [8] . Behaviors of many droplets presented as an average value were also not the real presentation of the only one droplet behaviors [3] . Honnery et al. [13] have examined the behaviors of small droplet size (of less than 100 µm) and velocity measured by the Magnified Digital In-line Holographic Particle Image Velocimetry (MDIH-PIV) technique with a HeNe laser, but have not measured the refractive index. The droplet refractive index was measured at low frequency with low speed camera resulting of not being able to obtain the clearly visible MDRs (Morphology Dependent Resonances) [1] . In order to obtain the MDRs that can be used to determine changes of the droplet diameter from the droplet refractive index, the frequency of the measurement should be sufficiently high. In addition, it has been reported that the measurement time of the droplet size and refractive index must be long enough in order to get sufficient information for the droplet behavior evaluation [13] .
Therefore, the objective of this present study was to develop an improved size and refractive index measurement technique of a small single droplet (20-40 µm) of a model liquid, pentadecane in a heated chamber. This technique included the combining of a high speed linear CCD camera for the high frequency measurement and the proper closing valve period of the heated chamber to increase the measurement time with the cooling device to improve the boundary condition and using the Mie Scattering Imaging and Rainbow Refractometry technique to determine the droplet diameter and refractive index. The experimental results were also compared with the two numerical models. This improved measurement technique can get more reliable and accurate droplet behavior information which will be certainly beneficial for the evaluation and anticipation of the fuel droplet behaviors in a real engine system.
Materials and Methods

Experimental equipment
The experimental equipment consisted of a heated chamber, a linear CCD camera, a laser, a cooling device, a droplet on demand generator, the Position Sensing Diode (PSD) and the temperature profile measurement system (traverse and thermocouple).
The heated chamber
The length of the chamber was 13.5 cm. Two opposite sides of the chamber were made of quartz glass in order to allow observation of the droplet. The other side was made of copper containing an electrical heater. The outer cross section of the heated chamber for the droplet path was 6×6 cm 2 and the inner cross section was 4×4 cm 2 . Fig. 1 displayed the heated chamber without the cooling device and showed a schematic of the top view of the heated chamber. 
The linear CCD camera
The two cameras were the high speed cameras (Atmel and Aviiva model AT71YM2CL2013-BA6) for measuring the droplet diameter at the forward region (Atmel) with the frequency of 5,000 fps (frames per second) and the refractive index at the backward region (Aviiva) of 12,500 fps.
The laser
It was at the wavelength of 532 nm. The laser model was FYPL-0532-500T and manufactured by Frankfurt Laser Company, Germany.
The cooling device
The cooling device was shown in Fig. 2 . It was mounted over the metal tube below the heated chamber. The tube of the cooling device was made of metal. Water at room temperature (27±3 °C) was used as a cooling fluid. It entered the experimental setup from the left tube (inlet flow), then reached the metal tube below the heated chamber and circulated. After that, the water flowed from the experimental setup through the right tube (outlet flow) into the sink. At the circulation region below the heated chamber, there was a jacket covering the metal tube of the cooling device. 
The droplet generator
The pentadecane (Fluka Chemica Company, Switzerland) was used as a hydrocarbon liquid. The pentadecane single droplets were generated by the droplet generator ( Fig. 3 ) which was an electrical generator. It consisted of a metal tube that compressed and decompressed the liquid column as shown in Fig. 4 . The generator was driven by an electrical pulse generator. The voltage frequency and amplitude were changed to adjust the droplet flow. Orifices with a diameter of 40 µm were used. The resulting initial droplet sizes ranged from the orifice diameter to 1.2 times of the orifice diameter.
The temperature profile measurement system
The temperature profiles in the heated chamber were measured by a temperature measurement system consisted of the thermocouple and the traverse shown in Fig. 5 . The traverse was controlled by a computer. The temperature measurement started at the droplet injection position. Length of the temperature profile measurement was 180 mm (the length of the chamber was 135 mm, but the system also measured the position which was out of the measurement range). The measurement was measured at every 2 mm. The traverse started to move from position 0 to 4, 8, 12,... up to 180 mm, then moved back until the position of 2 mm. The thermocouple remained at each position for 2 minutes to reach the equilibrium conditions before performing the temperature profile measurement. 
Experimental method
The setup of the heated chamber equipped with a linear CCD camera, a cooling device and a laser was shown in Fig. 6 . The pentadecane liquid was injected horizontally along the -axis to form the single droplets and the droplets were decelerated very soon. In the chamber, a vertical 5 upward stream existed due to the chimney effect which transported the droplets along the -axes upwards in a region of the chamber with approximately constant temperature. The droplets were illuminated permanently by the laser beam. As soon as the droplets reached this region, the position was detected by a Position Sensing Diode (PSD) together with the partly closing of the valve at the exit of the flow path to reduce the air velocity in order to keep the droplets as long as possible in the region with approximately constant temperature. The PSD detected the light scattering signal from the droplet and the signal was sent from PSD to the servo motor to close the valve of the heated chamber to have the longer measurement time. At the same time, the equipped high speed linear CCD camera captured the scattered light from the droplet. Fig. 7 showed the temperature profile with and without adding the cooling device at a heater temperature of 180°C. Without installing the cooling device, the rate of the temperature change was not smooth. When the cooling device was mounted at the bottom of the chamber (shown in Fig. 6 ), the rate of the temperature change turned out to be much more gradual. An increase of the ambient temperatures in the heated chamber appeared to be delayed by the cooling device. The temperature was decreased suddenly when the droplets were passing the cooling device. The temperature profile and boundary condition were smooth in which the droplet behaviors were not complicate for the analysis.
Comparison of the temperature profile at various heater temperatures in the heated chamber with the cooling device
Honnery et al. [13] measured the droplet evaporation under increasing ambient temperatures without the cooling device. The resulting temperature profiles were not smooth, thereby causing the complicated analysis. For the temperature profile measurement in this present study, four heater temperatures were used (100, 120, 150 and 180 °C). The cooling device was added in every case to improve the boundary condition. The temperature profile and the measurement starting point were shown in Fig. 8 . The temperature profiles of all heater temperatures with the cooling device gave the same smooth trend. The air temperature (Tair) value in the parenthesis indicated the highest temperature of each profile. The air temperatures were less than the heater temperatures due to the heat loss during the heat transfer from the heater to the air in the chamber. These temperature profiles were used as ambient temperatures for the measurement of the droplet diameter and refractive index. 
Effects of various ambient temperatures on the rate of droplet diameter changes
Honnery et al. [13] have measured the droplet diameter versus time under an increasing ambient temperatures with the unsmooth temperature profile. They have investigated the droplet evaporation in 3 phases including the preheating phase, the transitional heating phase and the steady evaporation phase. The results showed that while the evaporation rates at the peak temperature condition were generally well predicted, but during the prolonged expansion phase, the evaporation rates were over predicted, and during the transitional heating phase, the rates were under predicted. This was similar to a steady state evaporation process. The experimental evaporation rates were found to be almost linear depending on the gas temperature once the evaporation dominated the expansion processes. For this present work, the droplets were measured in a smooth temperature profile at constant ambient temperatures. The droplet was injected at the position = 0 mm (according to Fig. 6) . But, the measurement started at the position of = 80 mm for the forward scattering region. The backward scattering region started slightly later at the position of 90 mm. This was caused by the thickness of the chamber walls. Fig. 9 displayed the plot of the pentadecane single droplet diameters versus time (in seconds) at various ambient 7 temperatures. The droplet diameters in every case decreased due to evaporation. The rate of droplet diameter changes increased with increased ambient temperatures. The slope of the droplet surface plot increased with increased heater temperatures. The evaporation rate was determined from the slope of the plot between the droplet surface area (non-dimensional) and ⁄ shown in Fig. 10 [1] . The evaporation rate of the droplet increased with an increase of the slope. This indicated a faster evaporation of the droplets with increasing ambient temperatures. The linear trends indicated a constant evaporation rate. In comparing the result (data not shown) with and without the adjustment of the closing valve period, the measurement time with closing valve was longer than that without closing valve of about 2 times, thereby being able to measure the droplet diameter until the detectable minimum size of 20 µm was disappeared from the chamber. Instead, if the valve was not closed properly, the droplet would leave the chamber rapidly and the minimal droplet size of 20 µm could not be detected. Thus, the technique of adjusting the closing valve period together with the cooling device can increase the droplet size measuring time. The experimental data were also compared with the law and the RMM models (Rapid Mixing Model or the Infinite Conduction Model). The differences between the law and the RMM model was quite small because of the small change in the droplet temperature due to the small change of the ambient temperatures. There was also a small discrepancy due to the measurement uncertainty, and also the vapor in the heated chamber prevented the evaporation. The experimental results and both the law and RMM models were in good agreement especially the results in the case of higher heater temperatures at 150 and 180 °C and at the constant evaporation rate region (constant slope of the droplet surface plot in Fig. 10) . But, high discrepancies were observed at lower heater temperatures of 100 and 120 °C. This may be due to the reaching of the droplet saturation at the beginning of the experiment. When the ambient temperatures decreased, more effects of droplet saturation were observed. The RMM model gave slight better agreement than the law model. For the work of Wilms [1] , the droplet size was measured with a low speed camera. Although the experimental results were in good agreement with the numerical model, there were very few data obtained and the minimal size of the droplet diameter measurement was at 40 µm which was bigger than that of our study (20 µm). This result has indicated the more efficient measurement of our improved technique. Fig. 11 showed the pentadecane droplet rainbow position versus time (in seconds) at the heater temperatures of 100, 120, 150 and 180 °C. The rainbow position was in arbitrary units because it was derived from the main rainbow position (in angle units) divided by the minimum main rainbow position (in angle units) at each heater temperature. Refractive index can be calculated from the droplet rainbow position because they are the function of the rainbow position. There were fluctuations on the rainbow position caused by MDRs. The refractive index values determined from the rainbow position in this study were close to the refractive index value calculated by the formula of Wilms [1] . The difference was less than 10 %. Fig. 12 indicated the rainbow position at the heater temperatures of 100, 120, 150 and 180 °C respectively zoomed from the rainbow position of Fig. 11 . With high speed measurement using the high-speed camera, the MDRs were sharp and clearly seen at all heater temperatures and the rainbow position mean values were quite constant. The MDRs peaks increased with increased ambient temperatures due to the increase of the evaporation rate. When the MDRs were clearly observed, the droplet diameter changes (Δ ) and the droplet temperatures can be accurately determined. For the work of Wilms [1] , the droplet refractive index were measured with a low speed camera and the MDRs structure was not observed due to the low frequency measurement and also the error from the signal processing. Thus, this developed measurement technique can obtain the accurate and clearly observed MDRs for more droplet behavior information. The measured diameter change (Δ ) was obtained from the peak of MDRs from the refractive index showing in arbitrary units in Figs. 11 and 12 . The diameter changes between the data from the forward region and backward region were in good agreement (data not shown). This confirmed the reliability of the refractive index measurement.
Effects of various heater temperatures on the droplet rainbow position measurement
For the further study to improve the experimental results, the measurement can start at the droplet injection point (at the beginning of the temperature profile measurement region) by modifying the chamber. The observation range can also be increased by using more cameras or using a lens which can increase the observation range. In addition, there are two other possibilities. First, it is interesting to investigate the droplet characteristics and behaviors at temperatures which are closer to the real temperature conditions in a combustion chamber that would certainly be more applicable for the real system. Second, a heatable droplet generator could be used to heat the droplet before entering the heated chamber to investigate the droplet heat transfer at the constant droplet temperature. 
Conclusions
This study presented an improved size and refractive index measurement of a pentadecane single droplet in a heated chamber at various ambient temperatures of 100, 120, 150 and 180 °C. The technique included the application of a high speed linear CCD camera, the proper adjustment of the closing valve period of the heated chamber and the using of the cooling device. The droplet diameter and refractive index were determined by the Mie Scattering Imaging and Rainbow Refractometry technique. When the cooling device was added in the heated chamber, the temperature profiles were smooth at all heater temperatures which were used as the ambient temperatures for the droplets. With the proper adjustment of the closing valve, the measurement time was about 2 folds longer than not adjusting the closing valve and the droplet size of 20 µm could be detected. The plot of the pentadecane single droplet surface versus ⁄ at various ambient temperatures was in good agreement with the law and RMM models. The pentadecane single droplet rainbow as a function of time and MDRs at all ambient temperatures were clearly observed in which the droplet behaviors including the refractive index and the droplet diameter changes (Δ ) as well as the droplet temperatures can be accurately determined. Therefore, this present developed method was a reliable measurement technique which can be applied to obtain more information of a single droplet in a heated chamber for the representation of the fuel droplet behaviors in an engine system.
